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Floral evolution often involves suites of traits, including morphology, colour and scent, but these traits are seldom analysed together in
comparative studies. We investigated the associations between floral traits and pollination systems in Schizochilus, a southern African orchid
genus with small nectar-producing flowers that has not been studied previously with respect to pollination biology. Field observations indicated
the presence of distinct pollination systems in the four species which occur in the Drakensberg, including pollination by muscid flies in
Schizochilus angustifolius, tachinid flies in Schizochilus zeyheri, various small flies in Schizochilus bulbinella and bees and wasps in Schizochilus
flexuosus. Pollination success and pollen transfer efficiency clearly differed among the four species but were not correlated with the quantity of
nectar rewards. Multivariate analysis of floral morphology and floral scent chemistry based on GC-MS data revealed significant differences among
species as well as populations within species. The floral scent of S. angustifolius was dominated by the benzenoid compounds benzaldehyde and
phenylacetaldehyde. Samples of one population of S. bulbinella were relatively similar to S. angustifolius but samples of another population were
very distinct due to the occurrence of the nitrogen-containing compounds 3-methyl-butyl aldoxime (syn/anti) and the higher amounts of aliphatic
esters, alcohols and acids. In contrast, the floral scent of S. flexuosus and S. zeyheri was characterized by high relative amounts of methyl benzoate.
We conclude that Schizochilus has distinct, specialized pollination systems associated with subtle but significant variation in floral morphology
and scent chemistry. We also caution that sampling of several populations may be required to characterize floral scent composition at the species-
level in plants.
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Studies of trait variation can reveal a signature of the
selective agents which have shaped phenotypic diversification
(Carson, 1985; Grant and Grant, 1965). For plants, it is often
argued that variation in vegetative traits represents adaptation to
different growth environments (Verboom et al., 2004), whereas
floral variation is typically associated with adaptation to
different specialist pollinators (Johnson, 1996). An association
between floral diversity and the presence of different pollination
systems has indeed been shown for many distantly related plant
lineages (Grant and Grant, 1965; Whittall and Hodges, 2007).⁎ Corresponding author. Tel.: +27 33 2605657; fax: +27 33 2605105.
E-mail address: vdniet@gmail.com (T. Van der Niet).
0254-6299/$ - see front matter © 2010 SAAB. Published by Elsevier B.V. All righ
doi:10.1016/j.sajb.2010.07.004A broad range of floral traits are thought to be under
pollinator-mediated selection in plants (Harder and Johnson,
2009). There is ample evidence of pollinator-driven evolution
of floral morphology, such as spur length (Johnson and Steiner,
1997; Nilsson, 1988; Whittall and Hodges, 2007) and
inflorescence architecture (Johnson et al., 2003) as well as
flower colour (Bradshaw and Schemske, 2003). Another class
of floral traits influenced by pollinators, which is receiving
increased attention, is floral scent (Dobson, 2006). Subtle
differences in scent composition can lead to pollinator shifts
(Shuttleworth and Johnson, in press) and scent bouquets of
closely related taxa with different pollinators are often different
(Huber et al., 2005; Johnson et al., 2005a). Very few
comparative studies so far have used an integrative approach
to investigate how morphology and odour co-vary with
pollinators, even though such studies can potentially revealts reserved.
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or few traits.
Regionally, southern Africa seems particularly rich in
florally diverse families, such as the Iridaceae (Goldblatt and
Manning, 2006) and the Orchidaceae (Linder and Kurzweil,
1999). In the latter family, one of the most dramatic examples of
extreme floral diversity and frequent pollinator shifts is the
genus Disa (Johnson et al., 1998). Schizochilus is a relatively
small genus of 10 species in the Orchideae, distributed inFig. 1. Inflorescences of the four Schizochilus species that occur in the Drakensberg
(b) Inflorescence of S. bulbinella. Scale bar 10 mm. (c) Inflorescence of Schizochilus
5 mm. (e) Orthellia sp. resting on an inflorescence of Schizochilus angustifolius. N
Scale bar 5 mm. All photographs, apart from (e) taken by Herbert Stärker.southern Africa with the two main centres of diversity in the
Drakensberg and the Mpumalanga escarpment in South Africa
(Linder, 1980). It is characterized by peculiar nodding
inflorescences with relatively small flowers that are fairly
similar in overall structure among the species (Fig. 1).
Pollination biology in the genus has not been studied
previously.
The aim of our study was to investigate associations between
a broad range of floral traits and different pollination systems inincluded in this study. (a) Habitat of Schizochilus bulbinella. Scale bar 50 mm.
zeyheri. Scale bar 5 mm. (d) Inflorescence of Schizochilus flexuosus. Scale bar
ote the pollinarium attached to the fly's proboscis (indicated by white arrow).
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lus angustifolius, Schizochilus bulbinella, Schizochilus flexuo-
sus and Schizochilus zeyheri, that occur in the Drakensberg,
where they occupy distinct habitats along an altitudinal gradient
(see Fig. 2 in Linder, 1980), in order to document pollinators
and patterns of divergence in floral traits. These traits included
flower and inflorescence dimensions, spectral reflectance
patterns, nectar quantity and floral scent chemistry. We also
documented levels of pollination success and pollen transfer
efficiency.2. Materials and methods
2.1. Study species
S. angustifolius Rolfe is a high altitude species that occurs
along the central and northern Drakensberg at altitudes between
2100 and 3000 m. It occurs in short dense grassland on basalt-
derived soils. S. bulbinella (Rchb. f.) Bolus occurs between
1500 and 2500 m along the southern and central Drakensberg
with outliers in the Natal Midlands and is typically found in
shallow soil over rocks in damp places. S. flexuosus Harv. ex
Rolfe occurs in montane grassland all along the Drakensberg
and in the Natal Midlands between 1500 and 2500 m. S. zeyheri
Sond. is a highly variable and widely distributed species
occurring from the Mpumulanga province in the north east of
South Africa all the way to the south east coast. It occurs from
sea level to up to 2000 m and is found in wet swampy habitats.
Study sites for all species are given in Table 1.Fig. 2. Ordination based on principal components analysis of morphological traits o
Table 1.2.2. Pollinator observations
From 2006 to 2010 opportunistic pollinator observations
were carried out during peak flowering in one to three
populations of all four study species. Generally, populations
were visited and observed for c. 4 h per day on sunny and warm
days between 9 am and 4 pm (Table 1). Dense stands of plants
were patrolled and carefully observed for insect visitation.
Insects visiting plants were studied for their behaviour during
flower visits (i.e. approach, landing, movement) and subse-
quently caught, if possible, using an insect net or Eppendorf
tube in the case of smaller insects. Caught insects were
immediately inspected for the presence of Schizochilus
pollinaria (which are small compared to most, potentially co-
occurring, orchids) and killed by using a killing jar with ethyl
acetate fumes, or by freezing. Insect identifications were carried
out by specialists (see acknowledgements).
2.3. Pollination success and pollen transfer efficiency
We measured pollination success and pollen transfer
efficiency (PTE) (Johnson et al., 2005b) in one population of
each Schizochilus species during 2008 to 2010. From at least 54
randomly chosen plants per population, we collected one flower
each of which had just started to wilt (i.e. which could no longer
be pollinated). Apart for S. zeyheri for which these data were
collected only once, the collecting was spread over multiple
seasons (S. bulbinella, S. angustifolius) or periods within one
season (S. flexuosus) to account for within and between season
variability. We checked these flowers for pollinarium removalf four Schizochilus species. Abbreviations of species localities are according to
Table 1
Study sites, approximate population size and pollinator observation dates and hours for Schizochilus species included in this study.
Species Locality Locality abbreviation Altitude (m) Population size Observation dates Observation time (h)
Schizochilus angustifolius Witzieshoek WH 2500 Several hundred 21-01-2008
23-01-2008
8
Schizochilus bulbinella Mount Gilboa MG 1700 Several thousand 26-01-2008
29-01-2008
08-01-2009
09-02-2010
13
Bushman's Nek BN 2500 Several thousand 14-02-2008 4
Schizochilus flexuosus Garden Castle GC 2000 Several hundred 20-01-2009
24/26-01-2009
16
Bushman's Nek BN 2500 Several thousand 15-02-2006
14-02-2008
8
Mount Gilboa MG 1700 Several dozen 12-02-2010 4
Schizochilus zeyheri Mount Gilboa MG 1700 One dozen 05-02-2009 1
Verloren Vallei VV 2000 Several hundred 21-01-2010 2
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pollinia, typical for Orchideae [Johnson and Edwards, 2000])
deposited on the stigmas as a measure of pollination success.
For each species, we also counted the number of massulae
contained in fresh pollinia from flowers randomly picked from
at least nine plants. PTE for each population was then calculated
as follows: the total number of massulae deposited was divided
by the total number of massulae removed. To calculate the total
number of massulae removed, we multiplied the total number of
removed pollinaria by the average number of massulae per
pollinium. Additionally, we quantified the proportion of the
total number of massulae present in a population sample that
ends up on stigmas.
2.4. Analysis of key floral traits
To perform a comparative analysis of floral traits, we
measured traits which are thought to be important for insect
attraction and mechanical fit between the plant and pollinator.
Between 2007 and 2010 we collected five inflorescences in
70% ethanol from each study population of the four
Schizochilus species, unless the amount of material was limited
by population size (S. zeyheri, Mount [Mt] Gilboa). We
measured inflorescence dimensions (length and width) and
counted the number of flowers per inflorescence. For one
randomly picked flower per inflorescence (but avoiding the
youngest or oldest flowers), we measured the length and width
of the ‘entrance’ of the flower as the distance between the
median sepal and the labellum (length) and the distance
between the lateral sepals (width). Spur length was measured
as the distance between the spur apex and the point where it
unites with the rest of the labellum. As a proxy for flower size
we measured the length and maximum width of a lateral sepal.
We used principal components analysis (PCA) in PAST
(Hammer et al., 2001) as a multivariate tool to visualize inter- and
intraspecific floral trait differences. Placement of populations
along the principal component axes was based on the correlation
matrix of the floral characters, which is calculated using data that
were standardized by subtracting the mean and dividing them by
the standard deviation. We used one-way ANOSIM in PAST(Hammer et al., 2001), based on Euclidean distances of
standardized characters (subtracting mean, dividing by standard
deviation), to test whether populations are significantly different
in floral traits using 10,000 random permutations.
2.4.1. Scent sampling
Floral scent was collected between 2008 and 2010 in the
field at the population localities described in Table 1. At least
five samples of each species were taken using dynamic
headspace extraction methods and were analyzed by coupled
gas chromatography and mass spectrometry (GC-MS). The
samples were taken by enclosing one to several inflorescences
in polyacetate bags (Kalle Bratschlauch Wiesbaden, Germany)
prior to sampling. Air from these bags was then immediately
pumped through small cartridges filled with 1 mg of Tenax®
and 1 mg of Carbotrap® at a flow rate of 50 ml/min. At each site
per sampling session, controls were taken from an empty
polyacetate bag sampled for the same duration. Sampling time
was 10–20, or rarely 30 min, depending on the relative strength
of the scent to the human nose.
2.4.2. Gas chromatography-mass spectrometry (GC-MS)
analysis of floral scent
GC-MS analysis of these samples was carried out using a
Varian CP-3800 GC (Varian, Palo Alto, California) with a
30×0.25-mm internal diameter (film thickness 0.25 μm)
Alltech EC-WAX column coupled to a Varian 1200 quadrupole
mass spectrometer in electron-impact ionization mode. Car-
tridges were placed in a Varian 1079 injector equipped with a
Chromatoprobe thermal desorbtion device (Gordin and Amirav,
2000; Dötterl et al, 2005). The flow of helium carrier gas was
1 ml min−1. The injector was held at 40 °C for 2 min with a 20:1
split and then increased to 200 °C at 200 °C/min in splitless
mode for thermal desorbtion. After a 3-min hold at 40 °C, the
temperature of the GC oven was ramped up to 240 °C at 10 °C/
min and held there for 12 min. Compounds were identified
using the Varian Workstation software with the NIST05 mass
spectral library (NIST/EPA/NIH Mass Spectral Library [data
version: NIST 05; MS search software version 2.0 d]) and
verified, where possible, using retention times of authentic
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05 library). Compounds present at similar abundance in the
controls were considered to be contaminants and excluded from
the analyses. For quantification of emission rates per hour,
known amounts of methyl benzoate (representing c. 60% of the
total peak area over all species) were injected into thermo-
desorption cartridges and thermally desorbed under identical
conditions to those that samples were subjected to.
2.4.3. Statistical analysis of floral scent data
We used the Primer 6 program (Clarke and Gorley, 2006) to
assess the variability in the floral scent of 33 Schizochilus
samples of the four different species. For the scent data,
proportional abundance of compounds (relative amounts with
respect to total peak areas, excluding contaminants) was used
because the total amount of emitted volatiles varied greatly
among samples.
To visualize variation among samples, we applied multivar-
iate analyses using non-metric multidimensional scaling
(NMDS). This technique is based on few underlying assump-
tions about the data, and results are straightforward to interpret
(Clarke and Warwick, 2001). Data were square root trans-
formed before calculating Bray–Curtis similarities (Clarke and
Warwick, 2001), which performs well if the data matrix
contains many zero values (i.e. if the scent profiles vary
greatly). To test for differences in scent profiles between
populations and species, we used ANOSIM (Clarke and Gorley,
2006) with 10,000 random permutations. SIMPER was used to
identify the compounds responsible for similarities/dissimila-
rities among species and populations (Clarke and Warwick,
2001).
2.5. Spectral reflectance patterns
We measured the spectral reflectance over the UV-visible
range (300–700 nm) of the labellum and lateral sepal (these
floral parts are polymorphic in colour to the human eye for S.
angustifolius and S. flexuosus) of three flowers in one
population of each species using an Ocean Optics S2000
spectrophotometer and fibre optic reflection probe (UV/VIS
400 μm) according to the method described in Johnson and
Andersson (2002).
2.6. Nectar
For S. flexuosus and S. zeyheri, we measured the standing
crop of nectar using 5 μl capillary tubes. We cut the tip of their
relatively long spur and squeezed the nectar into the capillary
tube. The sugar concentration was determined using a
Bellingham and Stanley hand-held refractometer (0–50%).
The spurs and nectar quantity of S. angustifolius and S.
bulbinella are too small to allow insertion of microcapillaries.
For S. angustifolius, where liquid in the spur is clearly visible,
we absorbed this liquid using small filter paper wicks with
narrow, tapering tips cut out of Whatmann No.1 filter paper. At
a later stage, we soaked the filter paper in 50 μl of Millipore
water, which we filtered with a 0.45-μm syringe filter. Thesefiltered samples were analyzed using high-pressure liquid
chromatography (HPLC) to determine sugar presence on an
LC-20AT (Shimadzu Corporation, Kyoto, Japan) equipped
with an RID-10A refractive index detector (Shimadzu Corpo-
ration, Kyoto, Japan) and a Rezex RCM-Monosaccharide
column (300 mm×7.8 mm, 8-μm pore size) (Phenomenex®,
Torrance, CA, USA). The elution was isocratic, using ultrapure
water as the mobile phase. Known amounts of sugars were run
with the samples to enable identification of the peaks. For S.
bulbinella, in order to detect the presence of nectar sugar, we
injected 1 μl of water into the minute spur and absorbed the
liquid with a microcapillary. We analysed the liquid for the
presence of sugar using the refractometer as above. Due to the
extremely small amounts of liquid in the spur of S. bulbinella,
we were not able to analyze these samples in more detail.3. Results
3.1. Pollinator observations
Flowers of S. angustifolius were visited frequently by
metallic green muscid flies (Orthellia sp.) (Fig. 1; Table 2).
The flies often sat on a grass blade a short distance (10–50 cm)
away from the orchids before flying in and probing flowers for
several minutes. Flies were observed to remove pollinaria from
flowers. After having visited several flowers, the flies typically
rubbed their proboscis using their front legs, which occasionally
resulted in rubbing off the accumulated pollinaria. Small,
unidentified flies and bees very occasionally visited
inflorescences.
Flowers of S. bulbinella at Mt. Gilboa were visited
infrequently by insects. Members of two micro-dipteran
families (Chloropidae and Tephritidae) visited flowers and
carried pollinaria, whereas members of the micro-dipteran
family Ephrididae also visited flowers but none of these carried
pollinaria (Table 2). Flies sometimes sat on an inflorescence for
several minutes without visiting flowers. Phalacrid beetles were
encountered several times with their heads stuck in flowers, but
they never carried pollinaria. Finally, Chrysomelid beetles
(Clytrinae) often rested on inflorescences but never visited
flowers. These beetles were also frequently found on yellow
Asteraceae flowers growing in the vicinity.
Flowers of S. flexuosus at Bushman's Nek were visited by
bees (Apidae and Halictidae), which carried pollinaria in several
cases (Table 2). Flowers of S. flexuosus at Garden Castle were
visited by small bees (Thyreus calceata, Apidae), which did not
carry pollinaria. The only insects that visited flowers and carried
pollinaria at this site were large scoliid wasps. Several small
Lepidoptera (Noctuidae and Hesperiidae) visited flowers, but
they never removed or carried pollinaria. Careful observations
showed that their relatively long proboscides (in comparison to
the spur) did not contact the viscidia when they were inserted
into the spur. Finally, green-metallic flies, probably Muscidae,
sat on inflorescences but never showed feeding behaviour. No
insect visitation was recorded to flowers of S. flexuosus at Mt.
Gilboa.
Table 2
Insects captured while visiting flowers of Schizochilus species.
Plant species Locality Insect family (order) 1 Insect species (N) Individuals with pollinaria
Schizochilus angustifolius Witzieshoek Muscidae (DIP) Orthellia sp. (8) 6
Schizochilus bulbinella Mount Gilboa Tephritidae (DIP) Dioxina sororcula (1)
Sp. (2)
2 (including one D. sororcula)
Chloropidae (DIP) Sp. (5) 1
Ephrididae (DIP) Allotrichoma pluvial (1)
Sp. (2)
0
0
Phalacridae (COL) Sp. (6) 0
Schizochilus flexuosus Garden Castle Scoliidae (HYM) Sp. (1) 1
Noctuidae (LEP) Sp. (2) 0
Hesperiidae (LEP) Sp. (2) 0
Apidae (HYM) Thyreus calceata (male) (2) 0
Bushman's Nek Halictidae (HYM) Lasioglossum sp. (male) (3) 1
Halictidae (HYM) Patellapis zonalictus (1) 1
Apidae (HYM) Apis mellifera (worker) (3) 3
Schizochilus zeyheri Verloren Vallei Tachinidae (DIP) Linnaemya sp. (3) 0
Muscidae (DIP) Orthellia sp. (1) 0
1 Order abbreviations are as follows: DIP=Diptera; COL=Coleoptera; HYM=Hymenoptera; LEP=Lepidoptera.
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Tachinid flies (Linnaemya sp.), which systematically fed from
flowers. In two instances, muscid flies (Orthellia sp.) also
visited flowers. None of the flies carried pollinaria.
3.2. Pollination success and pollen transfer efficiency
Pollination rates were highest in S. angustifolius with 89.7%
of flowers being visited (Table 3). Correspondingly, the
proportion of produced massulae deposited on stigmas is
highest for this species at 1.9%. Although pollination rates in S.
flexuosuswere lowest (29.4% of flowers were visited), PTE (the
proportion of removed massulae deposited on stigmas) in this
species was the highest at 4.0%. Both PTE and the proportion of
produced massulae deposited on stigmas was lowest for S.
zeyheri (1.2% and 0.5% respectively).
3.3. Morphological traits
Based on a multivariate analysis of morphological floral
traits, Schizochilus species and populations form distinct
clusters along PC1 and PC3, which explain 64% and 10% of
the variation in morphological traits respectively (Fig. 2;
Table 4). Apart from flower number and inflorescence length,
all characters contribute negatively to PC1, indicating that it
reflects overall size (Table 4). Loadings along PC3 are more
variable, with flower width making the biggest positive
contribution and spur length the biggest negative contribution
(Table 4). Variation along PC2, explaining 16% of the total
variation in morphological traits, mainly reflects patterns of
intraspecific variation in inflorescence length (Table 4). Overall,
Schizochilus species are significantly different in morphological
traits (one-way ANOSIM, R=0.793, pb0.0001).
3.3.1. Floral scent
The chemical composition of the floral scent of the four
investigated Schizochilus species is given in Table 5. The
compounds are ordered in classes, which to some degree reflecttheir biosynthetic origin (see Knudsen et al., 2006). Of the 54
volatile compounds that were detected in the floral scent of the
four species, 51 were identified (Table 5). We identified a wide
variety of volatile compounds across all species examined,
including monoterpenoids (13), sesquiterpenoids (6), fatty acid
derivatives (9), benzenoids (22) and nitrogen-containing
compounds (3) (Table 5). The three nitrogen-containing
volatiles included two aldoximes. The number of scent
compounds varied markedly among species and populations,
ranging from 10 in one population of S. zeyheri (Mt. Gilboa) to
28 compounds in S. angustifolius (Witzieshoek). The total
amount of emitted volatiles per inflorescence ranged from
589 ng/h in S. bulbinella at Mt. Gilboa to 16,765 ng/h in S.
zeheri at Mt. Gilboa (Table 5). When calculating the emission of
scent on a per-flower basis, S. bulbinella at Mt. Gilboa had the
lowest emission rates with 10.7 ng/h per flower and S. zeyheri at
Verloren Vallei the highest with 1,746.2 ng/h per flower.
One-way SIMPER (factor species) showed that S. angusti-
folius samples were characterized by high relative amounts of
benzenoids, particularly phenylacetaldehyde, benzaldehyde, 2-
phenylethyl acetate and phenylethyl alcohol, explaining more
than 73% of the similarity among samples of this species. In S.
zeyheri, methyl benzoate, benzaldehyde and β-linalool
explained more than 76% of the similarity among the samples.
S. flexuosus was characterized by high relative amounts of
methyl benzoate, alpha-terpineol and limonene, explaining
56.2% of the similarity within the species. In S. bulbinella, 1-
hexanol, 6-methyl-5-hepten-2-one and the two unidentified
aliphatic esters (KRI 1820, 1915) explained 45.4% of the
similarity within the species.
3.3.2. Interspecific vs. intraspecific variation of floral scent
Our data showed overall significant differences in scent
among the four species (one-way ANOSIM, factor species:
Global R=0.75, pb0.01) and between populations (one-way
ANOSIM, factor populations: Global R=0.88, pb0.01).
Significant differences in pair-wise comparisons were found
between all species and most populations (excluding the S.
Table 3
Pollination success and components of pollen transfer efficiency in four Schizochilus species sampled at different times within or between years. Abbreviations of
species localities are according to Table 1.
Species, population, date
(sample size)
Percentage of
flowers without
pollinarium
removal and
massulae
deposition (%)
Percentage of
flowers with
pollinarium
removal, but
without massulae
deposition (%)
Percentage of
flowers with
massulae
deposition, but
without
pollinarium
removal (%)
Percentage of
flowers with
pollinarium
removal and
massulae
deposition (%)
Total
number
of
pollinaria
removed
Average
number of
massulae/
pollinium
(sample
size)
Total
number of
massulae
deposited
in
population
Percentage
of
removed
massulae
transferred
(%)
Percentage
of
produced
massulae
transferred
(%)
Schizochilus angustifolius
WH 2009 (N=48)
12.5 66.7 0.0 20.8 69 82 1.4 1.0
S. angustifolius WH 2010
(N=49)
8.2 40.8 4.1 46.9 72 221 3.7 2.8
S. angustifolius
WH pooled (N=97)
10.3 53.6 2.1 34.0 141 82 (N=13) 303 2.6 1.9
Schizochilus bulbinella
MG 2009 (N=61)
45.9 31.1 1.6 21.3 48 56 1.2 0.5
S. bulbinella MG 2010
(N=28)
53.6 21.4 14.3 10.7 15 57 3.8 1.0
S. bulbinella MG pooled
(N=89)
48.3 28.1 5.6 18.0 63 1 0 0
(N=14)
113 1.8 0.6
Schizochilus flexuosus
GC 19-01-2009
(N=91)
73.6 13.2 6.6 6.6 34 220 4.0 0.8
S. flexuosus GC
25-01-2009
(N=52)
65.5 11.5 3.8 19.2 31 143 2.9 0.9
S. flexuosus GC
pooled (N=143)
70.6 12.6 5.6 11.2 65 1 6 0
(N=14)
363 4.0 0.8
Schizochilus zeyheri VV
2010 (N=54)
44.4 38.9 0.0 16.7 46 179 (N=9) 96 1.2 0.5
732 T. Van der Niet et al. / South African Journal of Botany 76 (2010) 726–738zeyheri population at Mt. Gilboa, for which we could only
collect one sample) (Table 6).
There are striking differences between populations of the
same species (Fig. 3 and Table 6). When comparing the two
sampled S. bulbinella populations (Bushman's Nek and Mt.
Gilboa) using one-way SIMPER, benzaldehyde, phenylacetal-
dehyde, 3-methyl-butyl aldoxime and n-hexyl acetate
accounted for 33.7% of the difference between the populations.
Phenylacetaldehyde, the aliphatic alcohols, esters and acids and
the nitrogen-containing compounds 3-methyl-butyl aldoxime
(syn/anti) were characteristic for S. bulbinella at Bushman's
Nek, but not at Mt. Gilboa. Samples of the S. flexuosus
population at Mt. Gilboa were dominated by 2-phenylethyl
acetate (25.2% of the sample) while no sample of the other two
populations contained this compound (one-way SIMPER for 2-
phenylethyl acetate Mt. Gilboa vs. Bushman's Nek 13.2%; Mt.
Gilboa vs. Garden Castle 18.0%).
3.4. Colour
For all four species examined, parts that are perceived as
yellow to humans have a simple monotonic pattern of increased
reflectance over 500 nm with no reflectance in UV wavelengths
(Fig. 4). This reflectance pattern is found for both the labellum
and other perianth parts in S. zeyheri and S. bulbinella, while in
S. angustifolius and S. flexuosus, the tepals which are perceived
as white by humans, reflect all wavelengths over 300 nm and
thus form a contrast to the labellum (Fig. 4).3.5. Nectar
All four species produce a nectar reward in the spur, although
the volumes are variable and empty spurs were sometimes
encountered. The nectar volume in the spur of S. flexuosus at
GardenCastle is 0.20±0.18 μl (N=13)with a sugar concentration
of 23.3%±7.1% (N=9) and at Mt. Gilboa 0.13±0.11 μl (N=4)
with a sugar concentration of 37.2%±5.9% (N=3). For S. zeyheri
at Verloren Vallei, the volume is 0.23±0.28 μl (N=10) with a
sugar concentration of 22.1%.±17.2% (N=6). The small amount
of liquid in the minute spurs of S. angustifolius was confirmed to
contain sugar. For S. bulbinella, we also confirmed the presence
of sugar in diluted solutions of the small amount of liquid in the
minute spurs.
4. Discussion
4.1. Pollination system specialization in Schizochilus
Our observations suggest that there are four different
pollination systems among the Schizochilus species studied
here. Some of these involve unusual insects as pollinators. The
muscid Orthellia flies that were recorded as pollinators of S.
angustifolius (Table 2) are more commonly associated with
carrion/dung feeding than flower pollination (Amano, 1988),
although Shuttleworth and Johnson (2010) recorded Orthellia
sp. as visitors to flowers of several southern African milkweed
species, and Elberling and Olesen (1999) found muscid flies to
Table 4
Localities, mean number of flowers per plant and mean of morphological measurements (mm) of different Schizochilus species and populations. Axis loadings
resulting from the principal components analysis are given at the bottom of the table.
Species Locality (N) Flowers
per plant
Inflorescence
length
Inflorescence
width
Flower
width
Flower
height
Spur
length
Sepal
width
Sepal
length
Schizochilus angustifolius Witzieshoek (5) 21 23.05 15.89 5.34 3.46 0.94 3.32 5.13
Schizochilus bulbinella Bushman's Nek (4) 33 31.49 12.22 3.10 1.92 0.82 2.64 4.17
Mount Gilboa (5) 55 40.24 12.44 2.50 1.77 0.59 2.00 3.47
Schizochilus flexuosus Bushman's Nek (4) 15 33.86 18.95 4.87 4.65 4.90 4.38 10.24
Garden Castle (5) 9 25.69 15.28 4.04 3.71 4.63 3.42 8.98
Mount Gilboa (5) 17 27.79 20.07 5.89 4.81 4.65 4.17 8.08
Schizochilus zeyheri Mount Gilboa (2) 9 31.19 17.32 5.40 4.40 2.78 3.15 7.32
Verloren Vallei (5) 18 44.97 16.66 4.59 4.60 3.94 3.94 6.57
PCA axis 1 0.34 0.080 −0.37 −0.34 −0.41 −0.38 −0.41 −0.39
PCA axis 2 −0.41 −0.85 −0.23 0.068 −0.18 −0.10 −0.085 0.0015
PCA axis 3 0.26 −0.14 0.34 0.65 0.081 −0.46 0.064 −0.39
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altitude temperate site in the northern hemisphere. S. flexuosus
is the only species studied here which was not visited and
pollinated by flies. The main visitors were bees, a common
pollination system among southern African orchids (Johnson,
1995, 1997; Larsen et al., 2008). The observations of scoliid
wasps at one site were more surprising, although these insects
have been documented as important pollinators in other regions
and are known to visit some bee-pollinated orchids in South
Africa (Inoue and Endo, 2006; Peter, 2009). They can reach the
nectar hidden in the spurs due to their relatively long mouth
parts, making them functionally equivalent to small bees.
Our pollinator observations were mostly carried out during a
single year and we are therefore cautious about inferring that
these Schizochilus species are characterized by specialised
pollination systems. However, we were able to distinguish
between flowers visitors and pollinators in this study, an
example being the Lepidoptera that visited flowers of S.
flexuosus at Garden Castle without removing pollinaria and the
bees that visited flowers of this species and also successfully
removed pollinaria. It is also significant that coexisting
Schizochilus species seemed to partition the available insect
fauna and consequently do not seem to readily form natural
hybrids. Although S. bulbinella and S. flexuosus are known to
be capable of forming hybrids (Linder, 1980), we never
observed these among the thousands of plants of both species
at Bushman's Nek, suggesting they are extremely uncommon.
Three of the four species studied co-occur within a distance of a
kilometre on Mt. Gilboa, but hybrids were never found at this
site. We also consider autonomous self pollination unlikely in
these small flowered orchids (Johnson et al., 1994) based on the
observations that bagged flowers of S. flexuosus failed to set
seed and the relatively low levels of natural fruit set in S.
bulbinella (Van der Niet, unpublished data).
Pollen transfer efficiency in Schizochilus is generally very
low, if compared to other orchids with sectile pollinia. Harder
and Johnson (2008) listed PTE values for 28 species from
different geographical regions and with varying phylogenetic
affinities. The average PTE in their study was 9.6%±4.1%
(median=8.5%) compared to 4.0% being the highest value for aSchizochilus species. Since PTE does not take visitation rates
into account, the explanation must be sought in other factors.
Inherent plant features, which may effectively lower PTE, are a
large number of massulae per pollinium. In Schizochilus,
however, this number is relatively low, ranging from 82 to 179
(Table 3). Alternatively, pollinator behaviour may also affect
PTE. The way that the muscid fly pollinators of S. angustifolius
were often observed spending considerable amounts of time
(several minutes) grooming themselves to remove accumulated
pollinaria from their proboscis, may contribute to low PTE
values. Interestingly, the only orchid species with sectile
pollinia mentioned in Harder and Johnson (2008), with a PTE
that was similarly low to that of Schizochilus species, was
Orchis ustulata, which is also pollinated by flies (Vöth, 1984).
Our results also showed that nectar quantity is not a good
predictor of pollination rates: S. flexuosus provides a relatively
large nectar reward per flower, yet it has the lowest percentage
of pollinated flowers.
4.2. Floral and inflorescence morphology
The species of Schizochilus have distinct morphological
traits as shown by the PCA analysis. An important trait
separating the species was spur length. Variation in spur length
is often associated with variation in proboscis length of the
visitor (Whittall and Hodges, 2007). In this study, the muscid
flies that pollinate S. angustifolius, which has a minute spur,
have proboscides only a few millimetres long, while the bees
and wasps that pollinate S. flexuosus, which has relatively long-
spurs, have proboscides up to almost a centimetre. Variation in
overall flower size is associated with variation in pollinator size
in Schizochilus, which is likewise suggestive of the adaptive
significance of interspecific variation in floral traits.
4.3. Floral scent composition
Our data show that each of the investigated species has its
own characteristic fragrance profile (Fig. 3), and in several cases
species-specific compounds are known attractants for the insect
visitors observed. The scent of S. angustifolius was dominated
Table 5
Average relative amounts (%) of floral scent compounds of Schizochilus angustifolius (S. ang), Schizochilus bulbinella (S. bul), Schizochilus flexuosus (S. flex) and
Schizochilus zeyheri (S. zey). Compounds are listed in order of increasing retention time within each compound class. KRI = Kovat's retention index; tr = trace amount
(b 0.1 % of total sample). Abbreviations of species localities are according to Table 1. Compound identification criteria and notes: a = comparison of MS and retention
time with published data; b = comparison of MS with published data; c = comparison of MS and retention time with authentic standard; d = compounds which are
possible background contaminants as they were present in some control samples. CAS # = CAS Registry Number. Unidentified compounds that did not reach N5%
were pooled with the superscript digit indicating the number of pooled compounds. Mass fragments of unknowns are listed with the base peak first and other fragments
in order of decreasing abundance.
CAS # KRI Criteria S. ang S. bul S. bul S. flex S. flex S. flex S.zey S. zey
Locality WH BN MG BN GC MG VV MG
Number of samples 5 3 7 4 5 4 4 1
Average number of individuals per sample 3 4 5 5 2 2 1 2
Median of scent emission per inflorescence (ng h−1) 2608 4788 589 2515 2966 3640 15716 16765
Median of scent emission per flower (ng h−1) 124.2 145.1 10.7 167.7 329.6 214.1 1746.2 931.4
Number of compounds 28 23 26 25 12 10 25 17
Aliphatics
Alcohols
1-Hexanol 111-27-3 1363 c 1.2 3.1 13.3 0.5 – – 0.3 0.2
cis-3-Hexen-1-ol 928-96-1 1375 b tr – 0.1 – – tr 0.2
1-Octanol 111-87-5 1576 a 0.1 – 0.1 – – – tr –
Esters
Methyl hexanoate 106-70-7 1206 a – – 3.4 – – – – –
Hexyl acetate 142-92-7 1288 c 1.0 – 14.3 1.1 – – tr –
Unidentified aliphatic ester m/z: 71,56,43,89,41,57,55,73,85,60 1820 a 0.2 10.5 7.2 1.2 – – – –
Unidentified aliphatic ester m/z: 71,43,56,83,89,41,55,98,57,73 1915 a 0.3 7.1 6.8 1.6 – – – –
Acids
Isovaleric acid 503-74-2 1699 b – – 3.1 – – – – –
Hexanoic acid 142-62-1 1863 c – 5.2 2.9 0.1 – – – –
Benzenoids
p-Methyl anisole 104-93-8 1458 b – – – – – – 0.4 –
Benzaldehyde 100-52-7 1545 c 31.2 26.6 tr 9.1 6.1 1.5 4.5 17.1
Methyl benzoate 93-58-3 1650 c 0.9 3.0 1.9 24.9 41.7 29.1 87.8 47.0
Phenylacetaldehyde 122-78-1 1667 c 39.3 17.1 – – – – – 22.9
Benzyl acetate 140-11-4 1751 c tr – – – – – – –
1,4-Dimethoxybenzene 150-78-7 1766 b – – – – – – 0.2 –
2,3-Dimethoxytoluene 4463-33-6 1779 a 0.1 – – 0.6 – – 0.4 –
Benzenepropanal 104-53-0 1805 a – 0.1 – – 1.6 – – –
2-Phenylethyl acetate 103-45-7 1839 b 12.5 0.4 – – – 25.2 – –
Benzyl alcohol 100-51-6 1899 c 1.2 1.7 4.7 3.0 2.3 0.8 0.2 0.4
2-Phenylethyl butyrate 103-52-6 1906 a 0.1 – – – – – – –
2-Methoxy-4-methylphenol 93-51-6 1915 b 0.2 – 0.2 0.3 – – 0.1 –
Phenylethyl alcohol 60-12-8 1938 c 6.2 4.0 – – 3.4 2.3 – 0.2
p-Anisaldehyde 123-11-5 2060 c – 4.0 – – – – 3.1 0.1
Benzenepropanol 122-97-4 2072 a – – – 1.2 4.3 – – 0.2
Hexyl benzoate 6789-88-4 2090 a – 0.3 – – – – – –
p-Cresol 106-44-5 2100 a tr – tr – – – tr –
Methyl anisate 606-45-1 2039 b – – – – – 1.2 0.1 –
Cinnamaldehyde 104-55-2 2066 b – – 0.3 – – – 3.1 –
2-Phenoxy ethanol 122-99-6 2087 b 0.1 – – – – – – –
3,4-Dimethoxybenzaldehyde 120-14-9 2371 b – – – – – – 0.1 –
Phenylethyl benzoate 94-47-3 2792 a – 1.4 – – – – – –
Isoprenoids
Monoterpenes
α-Pinene 80-56-8 1092 c tr tr 1.5 11.4 – – – 1.2
β-Myrcene 123-35-3 1201 c tr – – 3.0 – 0.1 1.1 0.5
Limonene 5989-27-5 1228 c – 0.8 tr 16.3 19.9 – – 1.5
Eucalyptol 470-82-6 1239 c 1.9 – – – – 3.9 – –
cis-β-Ocimene 3338-55-4 1275 c 0.2 0.4 – 0.3 – – 0.4 –
6-Methyl-5-hepten-2-one 110-93-0 1356 b,d 1.6 13.0 7.2 6.6 – – – –
cis-β-Terpineol 7299-40-3 11.86 a 0.1 0.2 0.2 3.9 2.7 – tr 0.5
β-Linalool 78-70-6 1556 c 0.4 tr 3.3 3.3 2.4 2.5 1.1 5.3
α-Terpineol 98-55-5 1715 b 0.7 – – 4.9 8.3 6.3 – –
2,6-Dimethyl-3,7-octadiene-2,6-diol 13741-21-4 1956 b – – – – – – tr –
Other unidentified monoterpenes a tr1 – – 1.51 – – 0.11 –
Sesquiterpenes
α-Copaene 3856-25-5 1515 b – – – 0.5 – – tr –
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Table 5 (continued )
CAS # KRI Criteria S. ang S. bul S. bul S. flex S. flex S. flex S.zey S. zey
Locality WH BN MG BN GC MG VV MG
β-Caryophyllene 87-44-5 1542 c – tr tr – – – – tr
Verbenol 473-67-6 1618 a – – – 1.2 – – – –
2-Oxabicyclo[2.2.2]octan-6-ol, 1,3,3-trimethyl- 18679-48-6 1689 a – – 0.3 tr – – – –
cis-Verbenone 1196-01-6 1729 a tr 0.3 0.5 1.5 2.4 – – 0.5
Unidentified sesquiterpene m/z: 59,93,105,136,121,77,161,81,43,91 1732 a – – – – – – 0.1 –
Irregular terpenes
4-Oxoisophorone 1125-21-9 1720 b 0.5 1.0 1.4 – – – – 2.2
Nitrogen-containing compounds
Butyl aldoxime, 3-methyl-, syn- 5780-40-5 1469 a – – 19.3 – – – – –
Butyl aldoxime, 3-methyl-, anti- 5775-74-6 1488 a – – 8.1 – – – – –
2-Aminobenzaldehyde 529-23-7 2087 a – – – 2.2 4.8 – tr –
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aromatic alcohols (phenylethyl alcohol) and aromatic esters (2-
phenylethyl acetate). It has been shown that muscid flies, the
observed pollinators of this species, are attracted to phenylethyl
alcohol and other aromatic compounds (Howse, 1997).
The cheese-like aroma in S. bulbinella, particularly of the Mt.
Gilboa population, is most likely due to the emission of a mixture
of compounds with a sweet aroma (aromatic esters and alcohols)
plus compounds with a pungent aroma (hexanoic acid, isovaleric
acid and p-cresol). A similar mixture of sweet (phenylethyl
alcohol) and sweat-like components (aliphatic acids and esters)
were found in Leontopodium alpinum (edelweiss), a species
where Erhardt (1993) observed muscid flies as the most frequent
flower visitors. One of the compounds responsible for the pungent
scent found in S. bulbinella was hexanoic acid, which is a
carboxylic acid. Carboxylic acids are found in urine and faeces of
animals but also in rotting vegetables, especially after bacterial
degradation (Arnould et al., 1998; Schulz and Dickschat, 2007;
Smith et al., 2000). In plants they are associated with
sapromyiophily, a strategy involving scent mimicry of brood
substrates of flies (Jürgens et al., 2006). S. bulbinella (Mt.
Gilboa), however, also produces green leaf volatiles (1-hexanol,
n-hexyl acetate) and aliphatic esters. This suggests a distinct scent
signature that does not fit into current sapromyiophilous scent
sub-syndromes associated with Muscidae (house flies), Calli-
phoridae (blow flies) and Sarcophagidae (flesh flies) (Jürgens
et al., 2006; Ollerton and Raguso, 2006). This is confirmed by
pollinator observations showing that for S. bulbinella, TephritidaeTable 6
ANOSIM results based on floral scent data from four different Schizochilus species (u
localities are according to Table 1. The Mt. Gilboa population of Schizochilus zeyhe
S. ang, WH S. bul, MG S. bul, BN
S. ang, WH – R=0.65**
S. bul, MG R=0.98** –
S. bul, BN R=0.73* R=0.67* –
S. flex, GC R=1.0** R=1.0** R=0.84*
S. flex, BN R=1.0** R=0.95** R=0.7*
S. flex, MG R=1.0** R=1.0** R=0.8*
S. zey, VV R=1.0** R=1.0** R=0.76*
**pb0.01; *pb0.05.(fruit flies) and Chloropidae (fruit flies or grass flies) are found as
pollinators. In the case of Chloropidae, hexanoic acid and
hydrocarbon (fruit) esters have indeed been described as
attractants (Jantz and Beroza, 1967; Sugawara and Muto, 1974).
Samples of the S. flexuosus population at Bushman's Nek
showed high relative amounts of methyl benzoate accompanied
by several monoterpenoids (α-pinene, β-myrcene, limonene, β-
linalool and α-terpineol). It is difficult, however, to draw any
conclusions on the role of these chemicals for the interaction
with the pollinating Apidae and Halictidae. In her literature
review, Dobson (2006) concluded that no clear patterns were
evident for species associated with food-seeking bees. When
considering scent data of the orchids alone, a wide range of
different chemicals can be found in species associated with bees
Dobson (2006). In accordance with our data, the dominant
compound classes in bee pollinated species are often terpenoids,
particularly monoterpenoids, and sometimes benzenoids (see
Dobson, 2006 and references therein). The only insects that
carried pollinaria at Garden Castle were large scoliid wasps,
which are known to be attracted by benzenoid aldehydes
(Meagher and Mitchell, 1999) that were present in low relative
amounts in the scent of S. flexuosus.
Methyl benzoate was also the dominant scent compound in
S. zeyheri samples, reaching a relative amount of 87.8% in the
Verloren Vallei population. Based on the high relative amounts
of this compound, similarities in the flower visitor spectra of S.
flexuosus and S. zeyheri might be expected. Pollinator
observations for S. zeyheri are scarce. Only flies (Tachinidae,pper half) and seven different populations (lower half). Abbreviations of species
ri was not included in the analysis because of the low sample size.
S. flex, GC S. flex, BN S. flex, MG S. zey, VV
R=0.86** R=0.99**
R=0.88** R=0.82**
– R=0.48**
R=0.49* –
R=9.2** R=1.0* –
R=0.9** R=1.0* R=1.0* –
Fig. 3. Ordination based on non-metric multidimensional scaling using Bray–Curtis similarities of the scent profiles (54 compounds) of four Schizochilus species (33
samples, representing 106 individuals) at four different localities (abbreviations as in Table 1). 2D stress value=0.13; ANOSIMGlobal R (species)=0.75 (pb0.01) and
R (populations)=0.88 (pb0.01).
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the day, and Amegilla bees at the site ignored the plants.
The high relative amounts of methyl benzoate in S. flexuosus
and S. zeyheri are suggestive of moth pollination, since this
compound has been shown to attract noctuid moths in wind-
tunnel experiments (Plepys et al., 2002). Although we have not
performed nocturnal observations for any of the four species,
we think that moth pollination is unlikely. This is based on the
behaviour of the functionally similar day-active Lepidoptera
(Noctuidae and Hesperidae) on S. flexuosus at Garden Castle,
where we observed a clear morphological mismatch between
plant and insect visitor. Ultimately, however, it would be useful
to confirm this hypothesis with field observations.Fig. 4. Average spectral reflectance patterns of the labellum (grey lines) and
tepal (black lines) of four Schizochilus species.One of the key findings of our study was differentiation in
scent at the population level (Fig. 3; Table 6). More pollinator
observations, at multiple sites, may reveal whether these
patterns reflect adaptation to different local pollinator assem-
blages (Johnson et al., 2005a). Alternatively, by performing bio-
assays at various sites to determine whether intraspecific
differences in scent composition mainly involve functional or
non-functional compounds in combination with a population
genetic analysis, one could test whether it reflects genetic
isolation and random genetic drift (Mant et al., 2005).
Recent studies have also shown patterns of intraspecific
scent variation at the population level (Majetic et al., 2008, but
see Knudsen, 2002). This has implications for the design of
future comparative scent studies at the species level. To
characterise species-specific scent profiles, it is important to
include samples from several populations to capture as much of
the potential variation as possible. Samples for species taken
from a single population are likely to underestimate the breadth
of a species' scent profile and could create a bias in favour of
high levels of specialization. An additional benefit of a
sampling strategy that includes several populations is that the
detection of population-level variation in scent can provide new
insights into plant diversification if it can be related to
ecological variables.
5. Conclusions
The species studied here show little overlap in either their
floral morphology or floral scent composition. This is not
737T. Van der Niet et al. / South African Journal of Botany 76 (2010) 726–738surprising, given the different pollinator groups of the species.
We therefore conclude that pollinator shifts are associated with
changes of many different floral traits during the diversification
of Schizochilus, although without a phylogeny to map
evolutionary transitions in the genus it is not possible to
establish the sequence of shifts. Floral variation at the
population level indicates that diversification is ongoing in
this genus. In addition to the pollinator shifts documented here,
Schizochilus species have also undergone habitat shifts (Linder,
1980). This combined role for biotic and abiotic factors in
diversification is characteristic of ecological speciation of plants
in southern Africa (Van der Niet and Johnson, 2009; Van der
Niet et al., 2006).
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